AA2124-T4 alloy matrix MMC
Introduction
Aluminum based metal matrix composites (AlMMCs) are considered as one of the most encouraging structural materials for contemporary engineering applications in fields of aeronautical, military, and automotive industries [1] . They possess an improved specific stiffness and strength to weight ratio at room and elevated temperatures, superior wear resistance, fatigue properties and formability, and greater thermal stability in respect to the corresponding unreinforced matrix alloys [2, 3] . In order to construct a large and complex structural component, sometimes it is necessary to join aluminum composites to themselves or to other materials. However, joining of aluminum composites using conventional methods is a difficult task due to the presence of reinforced particles [1] . Friction stir welding (FSW) has emerged as a promising technique for joining of MMCs. In this process, joining is applied at temperatures below the melting point of the base material and therefore the solidification micro-structure is absent in the weld like dendrite structure and the undesirable particle-matrix interface reactions is also eliminated [4] [5] [6] .
FSW is widely used as green welding process which is widely adopted in different industries including the aerospace, automotive and manufacturing industry field joining aluminum alloy composite that are hard to weld by fusion welding process [7] . FSW can be performed on a variety of joint configurations including butt joint, lap joint and T joint [4] . Friction stir butt welding utilizes a non-consumable rotating tool with a specially designed shoulder and profiled probe that is plunged into the interface between two plates to be joined and traversed along the line of joint. But, during FSW localized frictional heat is generated between the tool shoulder and work piece top surface. Plastic deformation heat is also generated due to mechanical stirring of the probe. Frictional heating by tool shoulder and stirring action of the probe produce highly plastically deformed weld nugget zone [8] [9] [10] . Four distinct regions in the weldment are: nugget zone (NZ), thermo-mechanically affected zone (TMAZ), heataffected zone (HAZ) and the base material (BM) [2, 11, 12] . The severe heating of the tool has been noticed during FSW, and in addition to this it has been observed that important wear may develop if the tool material has low yield strength at high temperatures. Stresses applied by the tool depend on the strength of the work piece at high temperatures are common under the FSW conditions. In addition, temperatures in the work piece depend on the material properties of tool such as thermal conductivity [13] .
The applicability of FSW to join aluminum MMCs reinforced with ceramic particles has been investigated by several authors [14] [15] [16] . Fernandez and Murr [17] studied the FSW of cast Al-359/20% SiC composite. They focused on the effect of FSW tool rotational speed and weld speed for reducing the tool wear rate. The results indicated that the minimum wear obtained with the lowest tool rotation speed. Bozkurt et al. [14] investigated the FSW of AA2124/SiC/25p-T4 composite plates and noted a decrease up to 19% in tensile strength and 58% in ductility as compared to the base material. In other investigation, Bozkurt has investigated weldability of same MMC plates at low welding speed. He has observed that grain size changes from base MMC to stir zone. Fracture surfaces have revealed a mixed brittle-ductile mode, due to age hardening mechanism the increase in hardness from both advancing and retreating side of the HAZ to TMAZ [5] . Prater [18] characterized the tool wear in FSW of A359/20% SiC MMCs by varying process parameters. It was also observed that with increase in the welding speed, the ultimate tensile strength (UTS) of the joints decreased [19] . Mishra and Ma [8] addressed that tool wear and shape optimization are associated with the tool materials and further research is needed for selection of tool material.
As it has been reported, a production of a quality FSW needs a selection of the appropriate tool material for a specific application. Thus, it is unsuitable to have a tool that loses dimensional stability, the designed features, or fractures [20] . The following parameters and characteristics have to be considered for material selection: ambient and elevated temperature strength, elevated temperature stability, wear resistance, tool reactivity, fracture toughness, coefficient of thermal expansion, machinability [13] . There are number of criteria included for the tool material selection. Although, different researchers have selected the tool material based on literature, experience or conjectural but this does not precise the optimum tool material selection. Padmanaban and Balasubramanian [21] used to fabricate the joints five different tool materials such as mild steel, stainless steel, armor steel, high carbon steel and high speed steel (HSS). They have not proposed any procedure to select a tool material. They reported that using HSS and high carbon steel as a tool material defect free nugget zone and high tensile properties. The objective of this present work is to study the tool effect on friction stir butt welding of AA2124-T4 alloy matrix MMC. The base material of the FSW tool was a HSS. Three different tools were chosen, i.e., uncoated tool, coated tool with a CrN, and coated tool with a AlTiN were used to weld aluminum MMC plates.
Experimental procedures
The plates used in this study are AA2124-T4 alloy matrix MMC strengthened with 25% SiC particles (AA2124/SiC/25p-T4). This material was supplied by Aerospace Metal Composite Limited (UK) in form of billet with size of 400 × 260 × 50 mm. The MMC material was produced by powder metallurgy and mechanical alloying techniques followed by hot forging and tempering to T4 condition (solution heating at about 505 • C for 1 h, quenching in 25% polymer glycol solution and room temperature aging for >100 h). The chemical composition of the AA2124/SiC/25p-T4 MMC is presented in Table 1 . The main mechanical properties are presented in Table 2 . As it is indicated in Table 2 , the UTS of the base AA2124/SiC/25p-T4 MMC is of 454 MPa. MMC plates of 130 × 50 × 3 mm size were cut from this billet by electro-discharge machining (EDM) technique with a feeding rate of 2 mm/min. The AA2124/SiC/25p-T4 MMC plates were friction stir butt welded using an FSW adapted numeric controlled milling machine. The FSW tool was of HSS with shoulder and probe (pin) diameter 18 and 6 mm, respectively. The tool was tilted by 2 • with respect to Z-axis of milling machine and rotated in clockwise direction chosen according to the optimum results. FSW process was carried out at the tool rotation speed of 900 rpm and tool traverse speed of 45 and 115 mm/min. The FSW tool was a HSS. The microhardness of the tools was measured using a digital computerized Shimadzu microhardness tester with a load of 1.9 g for a duration of 30 s. For this investigation, the three different FSW tools were used (Fig. 1) ; uncoated tool, coated with a CrN, and coated with a AlTiN. The different stages of FSW process are presented in Fig. 2 .
The tensile tests were also carried out at room temperature according to ISO/TTA2 standard [22] using universal type tensile test machine Zwick Z010 to determine the tensile properties of the joints. Three specimens were tested under the same conditions to guarantee the reliability of the results. Microstructural and chemical analyses were performed from the cross-sections of FSWed joints by scanning electron microscope (SEM) Jeol JSM-5910 LV. The distributions of chemical elements in the fractured zone were performed by energy dispersive X-ray spectroscopy (EDS) system.
Results and discussions

3.1.
Surface appearance Fig. 3 shows the top and bottom surfaces after FSW of MMCs plates with three different tools. As shown in Fig. 1 , AA2124-T4 Alloy Matrix MMC plates were successfully joined by FSW technique. From the visual examinations of the top view of the FSWed composites, the flash effect was produced on the top surface of weld made by three tools. This kind of defect is more apparent in welded joint by uncoated (Fig. 3a) and CrN coated tool (Fig. 3b) than welded aluminum MMC plates by AlTiN coated tool (Fig. 3c) . This flash effect was due to the hot condition in which the material was highly deformed and extruded out-side [23, 24] . On the other hand, no visible shallow porosity or other macroscopic defects have been observed in bottom view of welded AA2124-T4 alloy matrix MMC joints. In addition, if the pin is not long enough or the tool rises out of the plate then the interface at the bottom of the weld is disrupted and forged by the tool, resulting in a lack-ofpenetration defect. This is essentially a notch in the material, which is a potential source of fatigue cracks [25] . As shown in Fig. 3 appearances of the bottom view, shoulder and pin show that penetrate deeply enough and sufficient penetration.
Wear resistance
It is known that a weld quality and tool wear are two important considerations in the selection of tool material. Significant tool wear increases the processing cost of FSW [13] . Tool wear during welding of MMCs is greater when compared with welding of mild alloys due to the presence of hard, abrasive phases in the composites [26] . For FSW of AlMMCs, some studies [17, 27, 28] have shown that the tool wears initially and obtains a self-optimized shape after which wear becomes much less pronounced [26] . Fig. 4 shows the variations in weight loss ratio of tool. It is obvious that the weight loss ratio increases with increasing tool traverse speed but the coated tool with AlTiN has the lowest weight loss ratio. This result indicates that deposited AlTiN film has a high wear resistance. It has been found that many wear resistant coatings show high hardness [29] . The hardness values for these three tools are given in Fig. 5 . In our case, the highest hardness value was obtained for the AlTiN coated tool. This high wear resistance is due to highest value of hardness of the coated tool with AlTiN (3630 HV). Visual examinations of before and after welding process are shown in Fig. 6 . The tool pin lost its original geometry. The shoulder size and pin length are changed slightly and the radial wear of the pin is most severe for the whole tools. This indicates that the radial wear of the pin is unequal at different locations of the pin. It has been found that the tool wear, deformation and failure are also much more remarkable in the tool pin compared with the tool shoulder [25] . We notice that a limited investigations in the literature reported that tool wear occurs during FSW of Al matrix ceramic particulate-reinforced composites [2, 14, 17, 30] . For example, Cioffi et al. [31] , used MP159 and H13 as tool material for threaded pin and shoulder, respectively. At a rotation speed of 800 rpm, intense wear of the pin occurred in welding 15 mm thick AA2124/SiC/25p plates. Recently, Prater et al. [18] , compared wear resistance among different types of tool materials including 01 steel, WcCo micron, Wc-Co submicron, and Wc-Co coated by diamond to weld AA359/SiC/20p-T6 and AA359/SiC/30p-T6. They found that harder material can be used to decrease the wear of tool by 60-80%. However, the toughness of the tool is another parameter which causes tool fracture in FSW. Consequently, surface coating can be used to minimize the abrasive wear in the FSW tool [14, 32] . The wear rate is maximum in three tools when FSWed by 900/115 welding parameters. Weight loss ratio is 0.235 g, 0.190 g and 0.174 g in uncoated, CrN coated and AlTiN coated tool, respectively. Therefore, severe wear occurs when uncoated tool is used as tool material. It was obtained minimum wear in AlTiN coated tool by 900/45 welding parameters. The vortex flow of uncoated tool is lesser than the AlTiN coated tool due to the abraded (eroded) threads as shown in Fig. 5. 
Tensile test results
The tensile test results for the FSWed joints made after CCT are given in Table 3 . These UTS values of welded joint were obtained after using three different tools with varying the tool traverse speed (45 and 115 mm/min). It is seen from this table that the maximum UTS values were obtained by using AlTiN coated tool. In addition, the increase of the tool traverse speed decreases the UTS values and welding performance for all the three tools as shown in Table 3 and Fig. 7 , respectively. During the FSW, the material in the weld undergoes intense plastic deformation at elevated temperature, but it is not melted because of self-adaption behavior [33] . The temperature reduction occurring in the volume space causes rapid cooling of the stir zone. Therefore, this rapid cooling was increased abrasion resistance and decreased UTS. Obviously, AlTiN coated tool plays a significant influence on joint quality during FSW. It is seen that the tensile strength of the joint reach the maximum values of 355.15 MPa and the welding performance value greater than 78% (i.e., UTS FSW /UTS Base MMC × 100). It is evident that there is a direct relation between tool traverse speed and welding performance as shown in Fig. 7 . Similar results were also obtained by some researchers [34] for the FSWed AA2219-T87 age hardenable aluminum-copper alloys and AA6061/20% Al 2 O 3 p MMC plates. These results demonstrate that the FSW is highly effective for mechanical property improvements resulting from grain refinement.
Meanwhile, the mechanical properties of the joint under the uncoated tool are minimum. In fact, the joint quality is closely related to softening of the joint and defect location [35] . Fig. 8 exhibits fracture location of joints using AlTiN coated (Fig. 8a) and uncoated (Fig. 8b) tools with 900/45 and 900/115 welding parameters after tensile test, respectively. It is well known that the fracture in MMCs is controlled by three main mechanisms: (1) cracking of the reinforcing particles, (2) interfacial decohesion at the particle-matrix interface resulting in the nucleation of voids, and (3) growth and coalescence of voids in the matrix. Accordingly, the fracture surfaces of tensile specimens are usually described by a bimodal distribution of large voids, associated with the particle reinforcement [14] . For the base metal, an increased concentration of SiC particles increases the strength and decreases the elongation to failure of the MMC.
During the tensile tests, two different failure locations were reported: in the NZ and in the TMAZ. FSWed by AlTiN coated tool specimens failed in the TMAZ (Fig. 8a) , because of SiC particulates probably non-uniform distributed in this zone. When the fracture occurs in the TMAZ, it is always located on the advancing side of the weld as shown in Fig. 8a . The fractures observed in the NZ are mainly due to localized defects such as root flaws, lack of penetration and metal particles broken from the uncoated tool (Fig. 8b). 
SEM and EDS analysis
In this part we present just the analysis by SEM and EDS of welded joint by uncoated and AlTiN coated tool, respectively. A better comprehension and understanding of the mechanical fracture and defect nucleation properties depend on purposed analyses of the fracture surfaces, since the influence of microstructural morphology of the joined interfaces on the endurance time results to be fundamental [36] . Figs. 9 and 10 show both fracture surfaces after tensile test and EDS analysis of welded joint with welding parameters 900/115 and 900/45 of uncoated and AlTiN coated tool, respectively. In the first joint (Fig. 9) , the fracture surfaces revealed a mixed brittle-ductile fracture mode. Different particles with different dimension and mode were observed in fractured surface. For example, an iron particle cracking was found in the NZ (Fig. 9a and b) . The EDS analysis revealed high quantity of iron (31.87%) for uncoated tool. A bright point in the BEI micrograph (Fig. 9b) is observed as 2.04 m, 2.56 m and 10.6 m (A zone: greatest Fe particle) metal particles broken from the uncoated tool. Some elements like Fe, Cr, C and V were detected by EDS analysis in NZ (Fig. 9c and 10c) . The presence of these elements is because of the wear of uncoated HSS steel tool. In addition, no traces of oxygen in this region were found which avoids the formation of undesirable particles like iron-oxide. However, In the case of 900/45 welding parameters joint (Fig. 10a) , a ductile fracture mode appears and the EDS analysis indicates a few quantity of iron (3.9%) (Fig. 10c) , as bright point in the BEI micrograph ( Fig. 10b) with size of 791 nm (B zone: Fe particle) metal particles broken from the AlTiN coated tool. Therefore, the greatest wear occurred in the uncoated tool wear. Heavy deformations in the NZ cause breaking of SiC particles.
Conclusion
This study focused on the material properties tool effect on friction stir butt welding of AA2124-T4 alloy matrix MMC. The obtained results can be summarized as follows:
1. The AA2124-T4 alloy matrix MMC plates were successfully joined by FSW. 2. In microstructural examination, no visible superficial porosity has been observed in AA2124-T4 alloy matrix MMC joints, but some neglected macroscopic defects have been observed. 3. The maximum UTS values of welded MMC plates were obtained by using AlTiN coated tool. 4. The joints exhibited two different fracture modes. Both a mixed brittle-ductile fracture and the comparatively ductile fracture mode were observed for both types of welds in UTS tensile tests. The welds displaying low UTS values fractured with a mixed brittle-ductile fracture, whereas a ductile fracture mode was exhibited by the joints showing higher UTS values. 5. The radial wear of the pin is very different for three tools namely, uncoated, CrN coated and AlTiN coated tool, and the maximum wear was observed at uncoated tool as 0.235 g wear loss ratio. 6. The welding speed has a certain effect on radial wear rate of the pin. The higher the welding speed, the higher the wear rate, and the maximum wear rate is observed in 900/115 welding parameters with uncoated tool. 7. EDS analysis detected Fe, Cr, C and V in NZ, which is due to the tool wear. 
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